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Summary

A coutact fatigue life analysis was performed for
a constant speed ratio, Muliiroller Planetary
Traction Drive. The methodology was based on the
Lundberg-Palingren theory for rolling-element
bearing life. The ¢ffeer of siress, stressed volume,
and depth to rhe critical siress were taken into
account. A design tractior coetficient of 0.05 was
maintained. Life adjustment factors due to advances
in rolling-element bearing materials, lubrication and
design were considered as weli as the potentially
adverse effects of traction. Elastohvdrodynamic film
thickness caiculations were made for representative
operating conditions. The drive consisied of a single-
stage planetary configuration with iwo rows of five
stepped planet roliers each between 4 concentric ripg
roller and sun roller glement. These rollers formed 4
drive cluster approximately 0.21 meter in didieter,
0.06 meter in width, weighing 9 kilograms. ‘1 he drive
speed ratio was 14.7 10 1.

The drive sysiem 10-percent life based on tnz
Lundberg-Palmgren theory modified by rolling-
element contact fatigue life adjustment factor~ was
calculated for a spectrum of operating conditions
The system life ranged from 18 800 hours a1 16.6
kilowatts (22.2 hp) and 25 000 rpm sun roller sneed
to 305 hours at maximum load and speed of 149
kilowatts (200 hp) and 75 000 rpm. At a nominal
continuous power and speed rating of 74.6 kilowatts
(100 hp) and 75 GX) rpm, the drive system life was
2440 hours. The shortest lived contact was the first
planet roller-second planet roller contact since it had
the highest maximum Hertz stress.

A study of the effect of first and second row roller
diameters and center locations was performed for a
given design traction coefficient with a fixed number
of planet rollers and for contacts with constant
transverse geometries, For a given ratio an optimum
life geometry existed.

From this analysis, torque capacity was found to
be proportional to the 2.8 power of overall drive size,
for a given drive configuration at a constant traction
coefficient and fatigue life.

Introduction

Traction drives have been of interest to inventors,
engineers, and designers for many years (ref. 1). The
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essential feature of traction drives is the transfer of
mechanical power using stee! elements in rolling
contact with the traction forces being transmitied
through a thin film of lubricant. The simplest form
of uaction drive, although unlubricated, is the
locomotive wheel upon a steel rail. There are dozens
of traction drive designs, distinguished by the
geometric shape and arrangement of -ae (raction
elements (refs. 1 10 4). Recent advar.es in steel and
lubricant technology have greatly enhanced the
traction drive concept. Cleaner steels (vacuum
induction melt-vacuum arc remelt) have improved
fatigue life almost an order of magnitude (ref. 5).
Lubricants with a 50-percent increase in available
traction coefficient have been formulated (ref. 4).
Roller-to-roller loading can be decreased, resulting in
longer life for traction drives.

Traction drives have many advantages. They are
quiet and smooth in operation. In one case it was
shown thai a tracticn drive was 24 decibels quieter
han a comparable gear drive (ref. 6). High reduction
ratio drives with high speed inputs are possible. It is
aiso possible to have traction drives with
continuously variable ratio adjusitment. Traction
drives can be made competitive with gear drives in
efficiency, weight, and size.

Commercially available traction drives are
manufactured in the United States, Europe, and
Japan. The drives are used mainly for industrial
machinery applications, but rarely exceed 11
kilowatts (15 hp) rating. Traction drives have been
experimentally investigated for automobile
transmissions, submersible ocean going vessel
propulsion drives, and aircraft auxiliary power unit
drives. Workers in the field are considering future
applications to land, marine, and air wransportation
(ref. 3).

While there are definite advantages with traction
drives, there are also areas of concern 1o designers.
Roller stability has been studied (ref. 7).
Maintenance of adequate lubricant film thickness is
desirable to prevent rapid wear of the traction
surfaces. Sufficient loading on the traction elements
is necessary to prevent destructive gross slipping.
High contact stress due to load on the rollers limits
the surface fatigue life of the drive. Each of these
factors should be carefu''y addressed wher
evaluating a proposed design for a traction drive.

Recently a multiroller planeiary traction drive was
tested at the Lewis Research Center. It is shown in
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figure 1. The drive performed smoothly with a peak
loading of 127 kilowatts (170 hp), 73 000 rpm input
speea and nominal 14.7 to 1 speed ratio. The peak
efficiency was 95 percent (ref. 8). The multiroller
design concept was presented in reference 9. This
type of drive has nigh power capability, inherently
balanced internal forces, making bearing
requirements iess severe, and offers very high
reduction ratios.

The purpose of this report is to give an analysis for
the life of multiroller traction drives.The analysis is
based on Lundberg-Palmgren theory which is used to
predict the fatigue lives of ball and roller bearings
(ref. 10). Coy, et al conducted an analysis similar to
the present investigation for the toroidal-type
traction drive (ref. 11). The method was successfully
applied to spur and helical gears (ref. 12) as well as
forming the basis of fatigue life estimations for
remanufactured aircraft bearings (ref. 13).

Symbols

a semimajor axis, m (in.)

B second row planet roller position
b semiminor axis, m {in.)

C first row planet roller position

~

c orthogonal shear siress exponent
£ modulus of elasticity, N/m2 (psi)
e Weibull exponent
F curvature difference
S roller width, m (in.)
h depth-to-critical stress exponent, m (in.)
K constant of proportionality
L life, hr
! length of rolling track, m (in.)
Q normal roller load, N (Ib)
P radius, m (in.)
S probability of survival
u stress cycles per revolution
Vv stressed volume, m3 (in.3)
w semiwidth of rolling track, m (in.)
z depth 10 maximum orthogonal reversing
shear stress, m (in.)
curvature sum, m-! (in.-1)
life (millions of stress cycles)
available traction coefficient of lubricant
contact
Ty design traction coefficient
¥ Poisson’s ratio
J niaximum contact pressure, GPa (psi)
maximum orthogonal reversing shear stress,
GPa (psi)
w angular velocity, rpm
Subscripts: !
A,B elastic bodies
D planet
ring
$ sun
x,y,7 reference planes
1 sun
2 first row planet (driven track in speed reducer
mode)
3 first row planet (driving track in speed reducer
mode)
4 second row planet (driven track in speed
reducer mode)
5 second row planet (driving track in speed
reducer inode)
6 ring




Analysis
Fatigue Life Model

In reference 10, Lundberg and Palmgren presented
their hypothesis for the statistical relation of rolling-
elernent bearing life to load and bearing size.The
mode of failure was assumed to be subsurface
originated fatigue spalling. The theory has been
widely used for bearing life calculations and also
provides a basis for gear life calculation which has
agreed very well with the data from gear life
endurance tests (ref. 14). The important parameters
are number of stress cycles », magnitude of critical
strcss 7, amount of stressed volume V, and depth
below the surface a1 which the criticdl stress occurs z.
The stressed volume is taken as

V x wzl I

where [ is the length of the rolling track which is
traversed during one revolution of the rolling body
and the semiwidth of the rolling track is designated
w.

¥From reference 10, the probability of survival §,
for a bearing contact is given by the following
expression:

1 ropel
log oc_zl,;— @

This relation is consistent with experimental
observations in the case of faiigue. The formula
reflects the known fact that the more localized the
stress is irn the material (less stressed volume), the
greater is the endurance. This is because on a
statistical basis. there is less likelihood of a fatigue
nucleation site being coincident with a condition of
high siress. Conversely, there is a greater probability
of a crack forming in the zone of maximum critical
stress, because the material is more rapidly cycled
toward failure in that region. Hence the depth to the
critical stress, as well as the magnitude of the stress
important, and with each stress cycle the probability
of failure increases.

From reterence 11, the number of stress cycles
endured with 90 percent reiiability is given by the
following equation:

(K h) 1/e
=\ £z
AT @

Based on life testing of air-inelted sieel 10lling-
clement bearings, the following values are valid for
equation (3): K=1.43x10% (S.1. units), 3.58 x 1056

(english units); 1=7/3; ¢=31/3; and e=10/9 (point
contact), 3/2 (line contact).

Analysis of Single Contact

Figure 2 shows two elastic bodies in roiling
contact. This figure is a general representation of any
traction contact. The roller crown profiles lie in the
transverse plane, which contains the axes of rotation.
The rolling radij determine the norninal velocity ratio
of the two bodies. The plane of rolling is
perpendicular to the transverse plane. The centers of
the principal radii of curvature are contained in the
intersection of the transverse plane and the rolling
plane. After the bodies are pressed together, the
contact point is assumed to flatten into a small area
of contact which is bounded by an ellipse with major
axis 2a and minor axis 2b. The pressure distribution
is semiellipsoidal as shown in figure 3. To complete
the life calculation of equation (3), the contact
stresses must be obtained. The following procedure
may be used.

A widely used method of describing the geometry
of twe ellipsoidal solids, A and B, in contact is to
express it in terms of the effective curvatures, that is,

1 1 ) 1 AN
- = = *+ - a
R Ry R, o
where
1 1 t

= — (5)
Ry rax rsx
r.r,r 6)
R_) TAy By

Axis of rotation_ _ %zw__ _————

Kolling radgius

Crewn radius

Rolling radius

Fiqure 2, - Geomeiry for bodies in rohing contact. Convex radii are
positive; concave radu are negative.




Figure 3, - Cuntact pressure distribution, Two
general curved surfices in point contach,

The variables Ryand R, represent the effective radius
of curvature in the principal x and y planes,
respectively. It is assumed that convex surfaces
exhibit positive curvatures and concave surfaces,
negative curvatures, Planes x and y are the respective
planes of maximum and minimum relative curvature
for the bodies. These planes, called the principal
planes, are mutually perpendicular. Planes x and y
must be chosen so that the relative curvature in plane
x 1s greater than in plane y; that i,
1 1 1 ]
+ > et —
rqx 7By rA). T By

The radii of curvature may be posilive or negative
depending on whether the surfaces are convex or
concave, respectively.

After the bodies are prassed together, the contact
point is assumed to flatten into a small area of
contact which is bounded by an ellipse with mnajor
axis 2q and minor axis 20 as shown in figure 3. Plane
» comains the major axis of the contact ellipse and
plane x contains the minor axis. The ratio k=a/0 is
called the eilipticity ratio of the contact. The values
of k range from 1 10 o for various curvaiure
combinations of contracting surfaces. For cylinders
in contact, the ellipticity ratio is o, and the flattened
area of contact is a rectangular strip. For spheres in
conlact, the ellipticity ratio is 1. The first type is
called line contact and all other types are called point
contact.

The curvature difference is defined as

| 1)
=R\ 5 - — 7
F-R\p - & M

Brewe and Hamrock (ref. 15) provide simple
formulas for determining the elliptic integral of the
first T and second & kind as well as the ellipticity
parameter &k

F=1.528+0.602 In Ry )
R,

0.597

E=1.000+ — 9
(R,/R,) o)

(R 0.636
()
k=1.034 R 10)

These simple equaiions eliminate the need for
numerical evaluation on a digital computer. These
simple equations are then directly used to evaluate
the semimajor ¢ and semiminor b axis of the contact
ellipse and the deformation at the centar of the
contact 4. Thus,

13
_ 6k2t‘,QR>
a= ( TE an

i 173
,-(s228)
HITNYEAY ,
*=\zmer/ \me/ ] 4
where
2
(14)

E =0 -8 /) +[(1 - £3)/Eg)

The maximum reversing orthogonal shear stress 7,
occurs at a depth z, undernzath the surface of
contact. Expressions for these parameters can be
obtained from Lundberg and Palmgren (ref. 10) as

A2r-1
T"_Ttmq (15)

b
Z"=(1+1)\.21—1 e

In these equations r is an auxiliary parameter and is
related to k as follows (given by privaie
comumunication with Brewe and Hamrock):

t=1+40.304 k-1.856 (17

In general, the width of the rolling track is identical
1o the width of the contact ellipse. However, when
the width of the contact pressure ellipse is exactly
equal to the width of the roller, point contact is, in a
practical sense, transformed into line contact. With
that loading where point contact changes into lire



contact, the pressuie arcd is still elliptical i shape
and the pressure distribution is still parabelic. But
with increased loading, a leveling of pressure ocours,
It the rollers in ¢ontact are of unequal width, then
with increased load the highest contact pressures exist
at the roller ends. This is the so-called edge loaded
condition. There is no known exact method of
calculating the tiue stress at this condition. As o
practical mater, edge loaded conditions should be
avoided.

If the traction contact consists of two rollers
without crown radii, and having equal widths, pure
line contact is said to exist. Pure ling contacts are
generally avoided in practice since high stresses can
oceur at the edges of the contact with even & modest
amount of misalinement. The ling contact pressure
distribution is shown in figure 4. For this special
case, the following equations are used:

b= BQ_(I_‘E “’11) (18)
mof N\ E4 Ey
_ 20
0= Fb (19)
7=0.25 20
2=05b (P2}

To account tor the difference in the pressure
distribution between point and line contact, the
stressed volume should be taken as follows (ref. 10):

2
V= Zflz (2-’-)

Figure 4. - Contact pressure distribution, Two bodies in line
contact,

Application to Multiroller System

After the stress conditions of cach contact location
in a traction drive are determined, the hife in millions
of stress eyeles for cach roiler clement is computed
from cquation (3). The lite in hours is given by the
following e¢quation, where w« is the number of
identical stress cycles per revolution and « is the rpm
of the roller:

1] 100

L= %0

(23)
Since the planet rows do not arbit, the rotational
speeds ot the rollers are inversely proportional io the
roller diameters. Fromn probability theory, the lifc ot
the system, L, consisting of N roller elements is
related (o the life of each element by the following
equation:

(2)"(e) o (8)
0 + I + ...+ In =] (29

This form of the equation is useful it the values of the
Weibull parameter are not equal for cach traction
contact, as would be the ¢ase for mixtures of linc and
point contact. If all exponents are equal, the
equation is simpier to soive.

_ -€ -£ -€ -17e b
L=(LF¥+Lf+ ... +L5) (25)

Results and Discussion
Application to Multiroller Traction Drive

Figure 5 is a schematic of a two roller-row-type
drive as described in reference 9. In the case of a
speed reducer, the input torque acts on the sun roller
shaft and power is transmitted through the first and
second row rollers to the riag roller which is the
output element. Other variations (kinematic
inversions) of the drive are possible. In this
publication the drive was analyzed as a speed
reducer.

In order to transmit the traction forces, the rollers
must be pressed (ogethe: under load. This is dene
with a roller-ramp-type loading mechanism. When
the drive is placed under torque leading, the
mechanism automatically adjusts the roller contact
normal loads in proportion to the transmitied
torque. The ratio of traction force to normal load, or
the design tractivn coefficient »*, is held constant by
the loading mechanism for all torque loads abeve a
preset minimum. However, due 10 the static force
balance that exisis across the roller cluster as
generated by the automatic roller loading
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Figure 5, - Cross section of Nasvytis multirolier traction drive,

mechanism, the ratio of traction force to applied
normal load or design traction coefficient u* may
differ on each roller contact. In order to prevent slip.
the design taction coefficient g* al each contact is
selecied to be less than the available traction
coefficient of the lubricated contact . This is
accomplished by choosing the proper cone angle in
the roller loading mechanism. The available lubricant
tracvion coefficient depends on many factors, such as
speed, load, temperature as well as contact geometry
and surface finish. For the purpose of this analysis it
was assumed thar the Jubricant’s available traction
coefficient significantly exceeded the design traction
coefficient of 0.05 under all operating conditions.
Paramatric tests (ref. 8) performed on a Nasvylis
malinoiler  diive over the opcraiing condition
considered here with a traction fluid established that
this is a correct assumpiion.

The Nasvytis multiroller drive which was analyzed
for life and contact stress had five rollers in each of
two rows. The test drive roller cluster was
approximately 0.21 meter in overall diameter and
0.06 meter in width, weighing 9 kilograms. It had a
geometrical speed ratio of 14.7 to 1. Calculations
were made 1o a maximum power level of 149
kilowatts (200 hp) at a maximum sun roller speed of
75 000 rpm. Rolling diameter contact ratios of the
drive tested in reference 8 for the sun roller — first
row roller (driven track) contact, first row roller
(driving tract)—second row roller (driven track)
contact, and second row roller (driving track) —ring
roller contact were 1.28, 3.87, and 2.97, respectively.

Stress analysis showed that the maximum contact
pressure or Hertz stress for the drive at any torque

iis

load occurred at the contact between the first and
second row rollers. At a sun roller torque of 19 0
N-m (168 in.-1bf) this maxinmunm Hertz stress was *.70
GPa (246 000 psi). The maximum Hertz stress for
cach contact over the range of operating sun roller
torques is shown in figure 6.

Life Analysis Without Life Adjustment Factors

The Lundberg-Paligren life analysis presented
previously was used to determine the 10-percent (90
percent survival) fatigue life of each traction contact
of the drive tested in reference 8 as a function of sun
roller 1orque. Equation (16) was used 1o statistically
sum up the individual contact lives, in order that an
overall drive system life could be computed. Values
of & appropriate for line and point contact were used
as required. The results of this analysis are shown in
figure 7. It is instructive 10 note that the life of the
total drive system can never be greater than the lite of
the shortest lived contact. It is also clear from the
slope of the straight line relation shown on the log-
log coordinates of figure 7 1hat fatigue life is
inversely proportional to the cube of torque. That is

_sT 3

ro_¢ 1L
LK1 <=

]

The life given in figure 7 is based on the original
Lundberg-Palmgren analysis, developed about 30
years ago. The constants and exponents of variables
used in their analysis were empirically determined
from life tests of bearings of that time period. Since
that period there has been significant progress in
bearing material develepment and processing as well
as a better understanding of the operaung variables
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that govern rolling-element fatigue life. For these
rcasons fatigue lives predicted asing  classical
Lundberg-Palmgren theory tend 10 be overly
conservative and need to be adjusted for
advancements made in rclling-element bearing
technology. Appropriate life adjustment factors are
discussed in a later section of this report.

To determine the effect of size (roller diameter and
contact width) on relative fatigue life at constant
torque, excluding life adjustment factors and
changes in traction coefficient, all roller dimensions
were scaled by a uniform amount and the
caiculations repeated. The results of this exercise are
shown in figure 8. It is clear that relative life of the
drive system is quite sensitive to size, in fact,

10\ 'L - Relatne hife
. at constant
[~ torque
P - RN
| —
|- —
—~
~
10 E_;~ “ Relative tergu»

caparity at
constant ity
1 l>IZt"5 §

Pelztive life nr relatve torgue capasi'y
fow

N & .9 1.0
Size scale

Frjure &0 - Relative Joive system Life at constant
ongue Ind reldtine wrgue capacity at constant hife
as 3 hunction o si2e.

preportional 10 the 8.4 power of size. That is, for all
elliptical contact shapes,

Loc(size)®4 (27)

for cousiant torque and traction coefficiant. The
value of the size exponent will change if theie is a
mixture of line aud eliiptical contacts in the drive,
Calculations also showed, that for a given drive
configuration, traction coefficient and fixed servize
life, torque load can vary as a function of overall
size. For all elliptical contacts from equations (26)
and (27), this relaiion is

T x(size)*-®

as shown in figure §.

I'rom equation (27), a 14 percent increase in drive
size triples the calculated drive life a1 the samme torque
level. These calculations were made assuming no
change in applied traction coefficien:. However, a 14
percent increase in size at constam: torque and
traction coefficient will cause a 14 percent increase in
contact velocity and a 33 percent reduction in contact

[Ty~ "

JRTv——

i S sl it s —amat A Sl

skt e A

et i o m s Sl

PP




pressute for an elhipueally shaped contact. This will
undoubredly lead 1o a reduction in the available
Tubricant  traction cocetficient. In twin, a
compensating  increase  in the applied  traction
coctticient will be requited  Henee, an increase in the
contact’s nommal load will oceur. The net result will
in tact reduce the size exponent in the
aforamentioned eguation by some amount depending
on  the sensithity of the  lubricant™s  traction
coctticient o the ¢hanges in operating conditions
cited. For example, it a 14 pereent inerease in size for
a given wbricant at a partculn operaung speed and
rque causes a 10 pereent loss in the available
naction coefticient, drive life wiil be 2.3 times longe
inctead of three times longer when changes in
taction coefficient are ignored.

Life Adjustment FFactors

Advancements  in rolling-element  beaning
technology have produced bearing designs which, tor
a given application, have increased fatigue lives. A
betier undersianding of the variavles that affect
fatigue life and the use of improved marerials and
manutacturing technigues have resulted in rolling-
element bearing lives that are often many times those
which  Lundberg-Palmgren theory predicts. In
recopnition of these haprovements life adjustment
factors have been developed in reference 5 for
providing a more accurate prediction of rolling-
clement bearing life. In view of the similarity in
contact  geometry, maiterials, lubricaiing  factoi,
operating conditions and failure modes, severai of
these factors developed for rolling-element bearings
are considered to be equally applicable to the
multiroller traction drive. The life adjustment factors
10 be considered here are the maierials factor,
material processing tactor and lubrication factor.

All of the rolling traction elements in the Nasvytis
nuiltiroiler vaction dive arg inade from consumable
efectrode vacuum melied (CVM) materials (ref. 8).
The sun roller is made from through-hardened CVM
AISi-52100 bearing steel with a Rockwell-C hardness
of 61 to 63. According to reference S, in a bearing
application, the use of CVM AIS[-52100 steel would
result in a combined material and processing life
multipliration factor of 6. The other traction
components are manufactuted from CVR SAE-9310
steel that is case carburized 10 a Rockweli-C hardness
of 60 10 63. Reference 5 suggests that the use of this
material will give a lite multiplication equivalent to
through-hardened CVM AISI-52100.

It is well known that the thickness of hubricant filin
which separates contacting machine elements can
have a strong influence on the contacts’ fatigue life.
In reference 5, the effectiveness of a lubricant film in
terms of the rato of film thickness 10 composite

sutface 1oughness 2170 is related o favipgue hte. The
coriposite st face roughness is defined by

= ‘/(1—::l + ();f

where o4 and oy are the suiface finishes of the
mating bodies. The lubricant-fatigue fuctor has been
assigned a value of 1.0 when A/7e has a value of
aporoximately 1.3, Details of the film thichness
catculation using the Archard and Cowking tformula
recommended in reference S are given in reference
11. The lubricant used in the Nasvytis multitolle
tractivn drive in reference & was a synthetic
cycloaiiphatic traction lubnicant, and the roller
surface roughnesses were less than 0.2 jon (8 jin))
rims. A contact inler temperature of 344 K (1607 1)
was assumied. Due o inlet shear heating and
starvaiion effects, it 1s unlikely that the minimum
FHD film thickness would exceed the composie
surface roughness by more than a factor of 4 (ief.
16). Accordingly, the 470 rano in this investigation
will be limited o a value of four.

One additional factor not treared in reference S but
important to traction drive comacts is the potentially
deleterions effect which raction itselt has on the
rolling-eleient fatigue life of the conmtacting
clementis. Some investigadons (1ef. 17) bave found a
decrease in hfe in rolling-element fatigue tests in
which some sliding or traction is introduged. Fadeue
tests (ref. 18) with increased spin (i.e., rotational
sliding within the contact area) alse showed a
reduction in fatigue life. The aralysis of reference 20
has shown that tangential or traction contact forees
reduce the depth ar which the maximum shearing
stress oceurs. Singe, in the Lundberg-Palingren
theory (ref. 10), life theoretically decreases with a
decrease in the depth to the maximun orthogonal
reversing shear stress (see e€q. (3)), traction forces
may act 1o reduce contact fatigue life. To account {or
this reduction an additional lite adjustiment factor,
the traction facior, will be imroduced. Given the fact
that little conclusive traction vontact fatigue life data
is available, this factor for the purposes of this
analysis will be arbitrarily given a value o1 all
contacts of 0.5. This tactor can be treated as an
arbitiary bit of conservatism until more definitive
values can be determined.

A summary of the life adjustument tactors appears
in table I for three typical points which cover a range
of operating conditions up to the maximum rated
cendition of 194 kilowatts (200 hp) at 75 (00 rpm
input speed. It is apparent from table 1 that these
factors vary relatively little over the entire operating
condition spectruin. Also listed in table ! is the
I.undberg-Palmgren Iife at each contact, the contact
life adjusted for life factors and the adjusted drive
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TABLE [ -SUMMARY OF CONTACT CONDITIONS. THEE ADJUSTMENT FACTORS
AND DRIVE LIYE FOR THREE DRIVE OPERATING CONDITIONS
Sun- | Fust- Sevond Sun barst- Secand Sun bust Sevond
first Isecond | planet- fist | sevond 1 planet fisst | second | plaret-
planct | planct rnng planet | planet 1nng planet| planet Ting
16.6 kW (22.2 hp) 74.6 RW {11X) hp) 149 kW (200 hp)
25 000 Tpm sun speed 75 OO0 rpm sun speed 75 000 rpiy sun speed
Matenal and provessing factor 6 6 6 6 6 6 6 6 fi
Susface speed, m sec 366 | 143 14.5 110 430 4315 110 41.0 415
Normal lead, N 978 135 2296 1470 | 2040 3440 2940 | 40RO 6890
Maximum contact pressure, GPa| 1.11 1.18 0.950 1.27 1.35 1.09 1.60 170 137
Film thickness, um 1.1a 0.489 0972 114 107 1.14 1.14 1.02 114
hio 4.0 1.70 3.39 4.0 372 40 4.0 3.54 40
1 ubricanon factor 2 65 1.85 2.55 2.68 2.6 2 68 2.65 2.6 268
Traction factor [U] 0.5 0.5 05 a8 () 0.5 058 0
Total hite adjustment factor 7.95 5.55 7.65 7.95 7.80 7.95 7.95 7.80 7.95
Lundberg-Palmgren life, hr 11 400 | 4040 1141 x 1081 1130 399 139 000 141 a9 17 400
Adiusted hfe, hr 0600 [22400 [1.08x107 | 8980 | 3110 [1.31% 106 | 1120 | 389 | 138000
Adjusted drive life, it 18 8OO 2440 308
system life. Figure 9 shows the life over a range of
input speeds and power levels based on the contact .
fatigue life theory and life adjustment fa.tors. oy
Lo
for ey T wal M ™o [o] U © VLA Y o [ \l \ Sun speed,
Eltect O Keldnve KOLET 318 Oit uTivie Lind Lo \ e
| . ),
The effect of relative roller size on Nasvytis S AN if\ 22:
traction drive system life can be studied using the life L \ \\ INON
analysis described previously. For a given ratio, ! \
number of planets and an arbitrary overall size, the : \,

, relative roller diameters can be varied 10 obtain the who-

i maximum total drive system life.Once the eptimum i '\ Sun roller terque,
relative roller diameter ratios have been determined, E o o\ oty
one can scale the overall drive package size to meet £ Ay SO L
the given torque, speed and service life requirements. e \. X~
The procedure to be followed is simply to select ES \
allowable roller diameters and center locatious and ; |- ‘\
then calculate the tatigue life for an arbitrary ring 5 ) \
roller size. The roller center logations are defined by Bl - \ \
dimensions B and C of figure 5, and the following R \ N
equations: X el N

! NG \
B=f(,—l'5 , \ -‘ﬁ\‘~s;
. Y190 dlem
C= rn+n b
The altowable values of B and C are determined from l“_u_J N S R B N S S
geometric constraint relations. The most obvious 0 0 80 120 lo( 2w
constraint is that the drive must have a specific ratio. Power, ki
The first row of rollers must be of a diameter that 1 I R S
will fit without mutual intsrference according to the 0 P2 50 7 100 124 150
selected center location dimension C. The same is Power, hp
required of the second row rollers and dimension B. Fupure 3. = Adjusted Grive system hife a5 function of
First row planst (driving track) radius ry was power and speed.




constrained to be no smaller than § percent of the
ring bore radius re for bending strength
considerations of the first row roller shaft. In
addition, it is required that a toggle action opetrate
between the rollers in arder to maintain sufficient
normal toad at each traction contact. Toggle acion is
the amplification of normal forees acting berween the
first and second row rollers when the second row
rollers wedge themsclves between the first row
rollers. This toggle action or wedging effect helps
match the imposed normal lead to that required to
transmit the torque for a given traction coeificient.
Figure 10 shows the contraints and region of
allowable rolier center locations.In order 1o eliminate
drive size from the optimization, the axes in this
figure have been nondimensionalized by dividing
dimensions 8 and C by the ring radius re. Each
constraint is in the form of a boundary which
separates a region of acceptable (B/rq, C/rg) values
from those that are not. In figure 10, the values of
(B/rg, C/rg) which meet all the given constraints lie in
the cross-hatched region as shown. A drive
configuration having values of (B/rg, C/rg) which lie
outside this allowable region viould have one or more
of the following deficiencies: 1oller 1o roller
interference, no toggle action, radius r3too small or a
tatio not equal to the chogen ratio of 15 10 1. For
each allowable combination of center locations Crrg
and B/re. therc is a range of allowable planet and sun

-
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N
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tryure 10. - Permissibte region for roller center Tocation
Gimensions.
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roller diameters. That is, the diameter of the sun may
be made larger if the diameters of the remaining
rolleis are adjusted in size consistent with the overall
desired 15-10-1 ratio. The range of such adjustments
decreases with increases in B/rg for a fixed value of
C/rg, veaching the limiting condition at the right
most boundary (ratio constraint boundaiy) where
there 1s only one set of roller sizes that yield the
desired ratio.

The calculations showed that for any selected point
(B/r,, C’/re) the life was greatest if the maximum
allowed sun diameter was used. The variation in life
with sun roller diameter (with fixed B/rg, C/rg) was
small; typically less than 10 percent. The variation in
life with roller center locations was larger. Figure 11}
shows the maximum life for location (B/rg, C/re)
plotied as a function of (B/rg) and (C/rg). The
maximum life occurred with the following
nondimensional roller diameters, sun through ring,
respaetively: 0.165, 0,234, 0.095, 0.326, 0.326, and
1.0. The maximum life occurred at (B/rg,
C/r)=(B/re. C/re)" =(0.6733, 0.395) which iics on
the ratio constraint boundary. The Nasvytis
multiroller traction drive reported in reference ¥,
which had a slightly lower ratio of 14.7 10 1, was
nearly optimized with (B/r¢, C/rg) =0.663, 0.387,

The life varied greatly along the ratio constraint
boundary line, It is interesting to investigate the
reason for the decrease in life as the geometry is
changed from the optimum. Figure 12 shows the
variation in drive life and component lives with
location on the ratio constrain: boundaiy. It should
be reemphasized that all roller diameter
combinations on this figure yield a constraint raiio of
1510 1. The maximum life is apparently achicved as a
trade-off among the component lines. The sun and
driven tract of the first row rollers increase in life
while the remaining components decrease in life as
B/re and C/rg increase.

Figure 13 shows the variation in contact pressure
with location on the ratio constraint boundary. The
stress coutinually decreases on the sun-planet
contact. The other 1two contacts see similar stress
trends with fairly constant levels of stress up 1o the
larger values of (8/r,. C/rg) where the stresses
rapidly increase. As a measure of the overail severity
of stress the rescaled product of oy, 04, and op, is
shown. The mininium of this funcrtion occurs al
B/r,=0.6773 whereas the maximum life is at
B*/13=0.6733. The trends of contact stress product
along the ratio constrain line correlate well with life
trends. The overload factor as a function of position
on the ratio constraint boundary was also inspected.
For values 0. (B/rg, C/rg) less than (B/rg, C/rg)* the
overload factor, or the ratio of applied normal load
1o required normal load, ranged from 1.0 10 1.25.
Above (B/rg, C/ry)® the overload factor mcreased
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1510 1

exponentially for the planet/planet and the
planet/ring contact. This is because of loss of the
toggle action or wedging effeci between planet
rollers. In summary, the loss of life for the smaller
values of (B/rg, C/rg) was due to high stress on the
high speed sun elemnent. The loss of life at the higher
valves of (B/rg, C/rg) was due to high stress caused

by loss of toggle action and the resultant need for
high overload factors on the planet-planet and
planet-ring contacts.

During the course of this optimization study, both
the design traction coefficient, x*, and the rollers’
transverse radii were heiu constant. With
adjustments in relative roller size, the peak availabie

11
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iaaximum contac! pressure (GPa)

Relative rmximun
iplanel-ring conlact a* macmum drive hife = 1

T3 od .o

i traction coefficient of the lubricant will vary
! somewhat and may necessitate a small change in x*.
|‘ However, variations in u* would be expected to have
a relatively minor effect on the results of this study.
With regard to the roller’s transverse radii, it is clear
that <changes in ihe iransversc goomatry, such as
roller width for line contact or crowa radius for
elliptical contact, ¢can cause significant variations in
contact stresses and contact life. In selecting the
proper transverse roller radii, other considerations
such as the effect on the available traction
coefficient, spin velocities, and efficiency should be
addressed.

Another constraint on this anaiysis is that the basic
drive configuration of two rows of five planet rollers
each was not varied. However, depending on the
requirements of size and ratio, a drive with some
other number of planet rollers may exhibit a higher
drive system life. For a truly optimied drive design
meihod, the traction coefficienct and transverse
contact geometry would be varied, and the cntire
procedure repeated for different numbers of rollers
and planet rows until a mnaximum life was found.
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Concluding Remarks

The analysis presented deals with only one of tne
factors that shouid be considered when designing a
traction drive. Aithough fatigue life is important, the
quesions of dirive-roller stability and  cfficicnoy
should also be addressed. Since tractior drives,
unlike gearing, rely heavily on the amount of traction
that can be generated within the contact, the
lubricant, operating conditions, contact geometry,
and surface finish must be carefully selected on the
basis of both performance and life. Although
traction drives relative to other drive mechanisms are
remarkably simple in principle, the technology
involved in arriving at the best design is rather
sophisticated.

Summary of Results

A contact fatigue life analysis for a Multiroller
Planetary Traction Drive was performed. The life
analysis takes accouns of stress, stressed volume, and




depth of occurrence of the critical stress. The
methodology is based on a modification of the well-
known Lundberg-Palimgren theory. A design traction
coefficient of 0.05 was maintained. Life adjustment
factors were included in the analysis based on
advancements in rolling-element bearing technology
in the area of matciials, processing, lubrication and
design. Elastohydrodynamic film thickness
calculations were made for representative operating
conditions, and the possitle adverse effects of
traction on rolling contac! life were considered.

The following resulis were obtained from a study
of a 14.7 10 | ratio, Nasvytis Multiroller Traciion
Drive with two rows of five-stepped planet rollers
each in a 9-kilogram cluster of approximately 0.21
meter diameter and 0.06 meter width having sun
roller-first row roller (driven track) contact, first row
roller (driving track)-second row roller (driven track)
contact and second row (driving track)-ring roller
contact ratios of 1.28, 3.87, and 2.97, respectively:

1. The total drive system Lundberg-Palmgren
10-percent fatigue life with life adjustment factors
ranged from 18 800 hours at 16.6 kilowatts (22.2 hp)
and 25 000 rpm sun roller speed to 305 hours at 149
kilowatts (200 hp) and 75 000 rpm, with a life rating
of 2440 hours at a nominal operating condition of
74.6 kilowaus (i00 hp) and 75 000 rpm.

2. For a given ratio and number of pianets an
optimum combination of roller diameters and center
locations exists for maximum drive system life.

3. The shortest lived contact was the firsi planet-
second planet contact since the highest maximum
Hertz stress occurred ihere.

4. For a given fatigue life, traction coefficient and
drive configuration, torque capacity is proportional
to the 2.8 power of overall drive size. For eiliptical
contact shapes and constant torque drive, life is
proportional to the 8.4 power of size.

Lewis Research Center,
National Aeronautics and Space Administration,
Cleveland, Ohio, August 29, 1980.
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